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Abstract 
A process of anaerobic digestion of agricultural biomass was simulated by SuperPro Designer software v 8.5 to analyze the cost 
of production. The simulated project used fruits and vegetable wastes as a feedstock. The concentration of methane produced is     
55 % (v/v) from a total of 936.8 m3 . h–1 biogas and after purification, the concentration of methane is upgraded up to 95 % (v/v). 
The system was designed to treat the agricultural waste, and was able to reduce more than 60 % of the initial COD (chemical 
oxygen demand). From the study, economic analysis shows that the profit margin is achieved at 11 % and the rate of return of 
investment is at 12 % which gives a payback period of 8.2 years.  
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Nomenclature 
COD    chemical oxygen demand             g       gram  h             hour                       
HRT     hydraulic retention time               IRR  internal rate of return  kW         kilo Watt                 
kg          kilogram                                      L       litre  min         minute                                            
m3          meter cubic                                  NPV  net present value                  OLR       Organic loading rate 
ROI       return of investment                    VFA  volatile fatty acids                d             day 
v/v         percentage volume/volume         w/w   percentage weight/weight     yr            year 
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1. Introduction 
1.1. Biogas properties 
Biogas is produced when organic matter is digested by certain microorganisms in th absence of oxygen to become 
biogas which mainly consist of methane, carbon dioxide and other inertly available gases. Biogas production has 
four key components that are feedstock, microorganisms, environmental control and reactor configuration or 
technological design. There are three major sources of biogas feedstock for biogas production here in Malaysia 
which are from agroindustrial waste, farm waste and municipal solid waste [1]. 
The chemical composition of the biogas produced depends on the substrate that is being used as feed and the 
feeding rate of the digester. If glucose and starch or cellulose is being used as the primary composition of the feed, 
then the biogas produced would have an equal amount of methane and carbon dioxide with a ratio of 50 : 50 [2]. 
However, if the fat content is high then the methane portion of the biogas would be higher than carbon dioxide [3]. 
Other gases that makes up biogas are hydrogen sulphide, water vapour and hydrogen. Presence of hydrogen sulphide 
and water vapour makes biogas very corrosive and can damage equipments such as storage tanks and gas turbine. As 
for that reason, purification process are needed to remove hydrogen sulphide, water vapour and carbon dioxide. 
Methane is what makes the biogas combustible and generally makes up 55 % to 80 % of biogas. Methane is a 
colourless and odourless gas with a boiling point of -162 ºC and it burns with a blue flame. Methane is also the main 
constituent of natural gas which is around 77 %  to 90 %. 
 
1.2. Natural conversion of organic waste 
Agricultural waste that contains high organic matter if not managed properly will cause detrimental damage to 
the environment. Anaerobic digestion of these waste will not only reduce its organic strength but also convert them 
into other products that may be useful such as biogas. These waste may also be converted into high nitrogen content 
fertilizers after naturally being processed in an anaerobic digester. 
1.3. Renewable energy source 
Methane is the key component that makes biogas combustible. This property is vital in making biogas capable of 
replacing other energy sources such as wood, coal, kerosene, plant residues and to a certain extent, coal and natural 
gas since the current energy supply is highly dependent on these sources [4]. Small biogas production units can 
support lighting and be used as fuel for cooking, while larger biogas plants can generate electricity and supply them 
to the national grid. For an example one cubic meter of biogas can produce (6 to 7) h of 60 Watt energy, can cook 
three meals, generates 1.25 kW electricity, and can run 1 hp motor for 2 h. 
1.4.  Environmental benefits 
Biogas has the potential to replace fossil fuels as the primary energy source of the world. This will save the 
earth’s precious resources and expands the lifetime of oil and natural gas reserves of the world. Since biogas is a 
renewable energy, there is no worry of it running out. The use biogas instead of fossil fuels will also dramatically 
reduce the emissions of greenhouse gases. Biogas plants are designed to trap greenhouse gases such as methane and 
later use it as a fuel. Eventhough the combustion of biogas release carbon dioxide, since methane (CH4) contains 
only one carbon, it produces less carbon emission as compared to the carbon emission of combusting long-chain 
hydrocarbons such as fossil fuels. Thus, the carbon cycle of using biogas is closed quicker than burning of fossil 
fuels through uptake of carbon from the atmosphere by photosynthetic activity. The application of biogas will also 
improve water quality especially in rivers and waterways as the water out of the biogas plant is the reduced organic 
strength effluent. 
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1.5. Waste reduction 
The biological treatment of waste is very useful in terms of providing a cost efficient way to reduce the amount 
of waste. Agricultural wastes may take up a lot space especially in countries like Malaysia where agricultural 
production are one of the largest exports of the country. Biogas plant technology may provide a solution to store and 
treat these waste to an acceptable level of organic strength before discharging to the environment. 
1.6. Unit processes 
The anaerobic digestion of organic matter consist of three main phases which are hydrolysis, acidogenesis and 
methanogenesis. It should be noted as well that acetogenesis also take place in the digestion, just not as critical as 
the three main processes. In each of the processes, specific group of microorganism are involved. These organism 
are commensal in relation, which means there are in need of each other for the breaking down and convertion of the 
product of the previous microbe. 
The first process is hydrolysis. Hydrolysis is the process of breaking down large and complex feedstock 
molecules into smaller and simpler structures. This process is done by facultative aerobic bacteria which uses 
oxygen in the feedstock and water and the function equally well both in the presence and absence of oxygen. 
Hydrolysis usually takes place at temperature around 37 °C. During hydrolysis, polymers such as carbohydrates, 
lipids, protein and nucleic acids are broken down into mono and oligomers like glucose, glycerol, pridines and 
purines. Hydrolytic microorganisms excrete hydrolytic enzymes, converting biopolymers into simpler and soluble 
compounds. 
The second step of the process is acidogenesis.This process is basically similar to fermentation and even uses 
similar types of microbes. The acidogenic bacteria converts the monomers and oligomers into acetic acid, hydrogen 
and carbon dioxide. Another respiration pathway is the conversion of simple sugars, amino acids and fatty acids into 
volatile fatty acids and alcohols which will later on undergo acetogenesis and converted into acetic acid. Volatile 
fatty acids (VFA) such as butyric acid and propionic as well as acetic acid are methanogenic substrates. 
After acidogenesis, acetogenesis takes place, where products from acidogenesis which cannot be directly 
converted into methane by methanogenic bacterias will be converted into methanogenic substrates. VFA and 
alcohols are oxidized to become acetate, hydrogen and carbon dioxide. Along with acidogenesis, the production of 
hydrogen becomes high and this will cause the partial pressure of hydrogen to increase. Hydrogen can be considered 
as a waste product of acetogenesis and it inhibits the metabolism of acetogenic bacteria. During methanogenesis, 
hydrogen is converted into methane and that reduces partial pressure of hydrogen and no longer inhibits the 
acetogenic process. Acetogenesis and methanogenesis usually runs parallel as symbiosis of one another. 
Finally, methanogenesis converts methanogenic substrates into methane via two pathways. First, acetic acid is 
converted into methane and carbon dioxide. The other pathway is conversion of hydrogen together with carbon 
dioxide producing methane and water. Methanogenesis is the most critical step in the entire anaerobic digestion 
process as it is the slowest biochemical reaction of the process. Not to mention, the microorganisms involved are 
very sensitive thus its performance is severely influenced by operating conditions. Temperature, pH, feeding rate 
and composition of feedstock are just some of the factors that must be monitored closely. Organic overloading, pH 
fluctuations and oxygen entry may terminate the generation of methane all together. 
1.7. Advanced technological designs 
More advanced technological designs are required to facilitate the needs and demands of corporations. These 
technological design are an engineering feat in themselves and the complexity of some of the technologies requires 
more research especially for a developing country like Malaysia. 
One of the advanced design of biogas production is the upflow anaerobic sludge bed. Another form of this design 
is the expanded granular sludge bed. The concept of this design is that the feed is flowed from the bottom of the 
reactor. The feed which is full of organic matter will go through a bed of immobillized bacterias and when it is 
overflow at the top of the reactor the organic matter are already degraded. What is left is the treated waste and safe 
for discharge. This design very suitable for wastewater treatment and treatment of liquid form of waste. 
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Another advanced design of biogas plant is the two-stage anaerobic digester. The conventional anaerobic 
biodigester is a single reactor where the feed undergo all the biochemical processes in one go albeit for hydrolysis if 
there is any pre-treatment to the substrate. A two stage anaerobic digester intends to separate the acidogenesis and 
methanogenesis processes to obtain higher yield of methane. Since methanogenesis takes a longer time, the retention 
time for the first reactor which facilitates acidogenesis will be lower than the second reactor. When more acids are 
formed and feed into the methane reactor, more methane will be produced within the condition that the pH of the 
methane reactor is maintained. However, this design system has its flaw. First, the acidogenic and methanogenic 
bacterias are commensally interacted. It means that one is needed to facilitate the biochemical reaction of the other. 
Another flaw is, the control method of the methanogenic substrate are yet to be refined because excessive VFA will 
disrupt the methanogenic process and production of of VFA are biological of nature and only through kinetics it is 
possible for the prediction of the production of VFA. 
Another technological aspect that should be looked into is the purification of biogas. In todays’ industries, there 
are various ways and methods to purify biogas by removing both hydrogen sulfide (H2S) and carbon dioxide CO2, 
thus having high purity of methane. As of now, there is no clear best technology and the cost between different 
technologies are fairly similar [5]. The selection of the best technology for biogas upgrading depends on gas 
flowrate, method of utilisation, market demand and much more [6].The most widely used technologies in upgrading 
biogas are water scrubbing, chemical scrubbing, membrane and pressure swing adsorption. 
1.8. Cost analysis 
There are several important questions that must be answered before any investment is put into establishing a 
biogas facility: i) is it economically viable? ii) What is the duration for the investment to turn into profit? iii) What 
are the environmental risks involved? iv) Will the market be saturated for a foreseeable future? v) Are the cost 
involved stable for a duration of time? 
These question can be answered through some mathematical model. Energy harvested from anaerobic digestion 
has expanded tremendously in Europe due to the new electricity tariff based on agricultural waste energy harvesting. 
At a rate of 35 Euro cents per kWh, it is one of the highest rates to be paid for anaerobic digestion power plant as 
compared to Malaysia which is at RM 0.32 per kWh for a similar technological facility. For example, a biogas plant 
treating POME in Palong, Negeri Sembilan invested by Cenergi Corporation cost the company RM 20 Million, 
holding the contract for 15 yr. The return of investment will only be after 7 yr and only 8 yr in profit. 
2. Material and method 
The simulation was performed by using SuperPro Designer Software v 8.5 (Intelligent Inc.). After putting all the 
input data into the software, the software automatically calculates its own mass and energy balances, the volume of 
each unit process, the amount of heating agent needed, the power requirements, and the cost analysis. The 
composition of raw materials must be defined firstly before simulated. The composition set was based on literature 
review of solid waste composition in Malaysia. The unit processes were chosen and placed in sequence and 
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Fig. 1. Complete flow stream of the anaerobic digestion process. 
The streams were defined by the material composition that were set on each streams. The chemical reactions 
stoichiometry were set in the anaerobic digester operation data window to let the software performed the mass and 
energy balances computation. 
2.1. Chemical reactions establishment 
The stoichiometry of each reaction was adapted from anaerobic digestion mathematical modelling by Yu et. al 
[7]. This stoichiometry equations were the first input data for the reactor initiation. 
2.2. Process flowsheet 
The number of unit operations were minimised to lower the cost of plant. Only three major unit process that is 
required, which were the storage, anaerobic digester and the water-scrubbing column. The storage unit is to store the 
raw materials that is the fruits and vegetable waste. The anaerobic digester is where the waste are being biologically 
degraded to produce methane. The water-scrubbing unit is to purify the biogas to achieve purity greater 97 %. The 
operating conditions were determined based upon the decision of which operating conditions suited best with the 
costs, location and yield of product. 
2.3. Storage tank properties 
The storage tank act as both storage and mixing tank. The fruit and vegetable wastes were assumed to be in dry 
mass, therefore water is supplied and mixed in the tank to dilute the waste. The holding time of the waste in the 
storage tank is one day with continuous mixing and stirring. That required the tank to be 47.8 m3 and the tank was 
set to be made out of concrete, except for the equipments and mechanical parts that are attached to it. Table 1 
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Table 1. Properties and operating conditions for storage and blending unit 
Operating Parameter Value 
Volume 47.8 m3 
Holding time 24 h 
Total mass handled 48 000 kg 
Power requirements (blending) 0.49 kW 
Materials of construction Concrete 
 
2.4. Anaerobic digester 
The anaerobic digester is where all the chemical reactions takes place and where the biogas is produced. It was 
decided that mesophillic microorganism are deemed most suitable due to its availability in Malaysia and its yield of 
methane. In line with that decision, the operating conditions must suit the mesophillic microorganism. The operating 
temperature is set at 35 oC and pH 7. The hydraulic retention is set to be 25 d. The operating conditions and 
properties for the digester is summarized in Table 2. 
Table 2. Properties and operating conditions for anaerobic digester 
Operating Parameter Value 
Volume 2465.28 m3 
Holding time 25 d 
Total mass handled 2 503 704 kg 
Power requirements (pumping) 24.65 kW 
Materials of construction Concrete 
2.5. Absorption column 
The operating condition of the column was set at 25 °C which was the temperature of the absorbing water, 
eventhough the temperature of incoming gas was 35 °C. Pressure was set at 1 atm (101 325 Pa)  and the process was 
isobaric and adiabatic. Table 3 shows a summary of the operating condition and initiation of the absorption column. 
Table 3. Properties and operating conditions of absorption column 
Operating Parameter Value 
Volume 643.38 m3 
Pressure drop  1.009 bari) 
Materials of construction Carbon steel 
                   i1 bar =  100 000 Pa 
2.6. Cost analysis 
Economic analysis was performed based on the altered database to suit the conditions desired. Table 4 shows the 
adjusted costs for the operation and startup of the plant that was required by the software to perform the economic 
analysis. 
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Table 4. Cost of initiation and operation data 
Cost Value 
Water RM 0.00053 / m3 
Electricity RM 0.337 / kWh 
Labor RM 50 / h 
Revenue RM 5 / kg CH4 
Waste (total cost) RM 1 062 335 / yr 
Materials RM 0.009375 / kg 
Steam (heating agent) RM 12 / ton i) 
                                         i)1 ton = 103 kg       RM = MYR = Malaysian Ringgit  (1 MYR.~ USD 0,31. Oct 13,2014) 
3. Discussion 
3.1. Mass and energy balances 
Energy balance is represented in the amount of steam that is needed to heat up a certain equipment which in this 
case, only the anaerobic digester requires heating element to increase the temperature from 25 °C to 35 °C.  
The feed was set at 1 000 kg · h–1 on dry mass basis. This was decided upon the estimation of availability of 
specifically, fruits and vegetable wastes. This feeding rate can be adjusted to the desired amount at any time, given 
that the composition of the feed is known. The composition was set at 55 % carbohydrates, 26 % proteins and 19 % 
fats to maximise the production of biogas. The composition of raw materials in feed stream, the total materials after 
recycle, the product after leaving the digester, and the composition of total digestate produced are provided in    
Table 5, Table 6, Table 7, and Table 8, respectively. 
Table 5. Composition of raw materials in feed stream 
Component Flow rate (kg · h–1) Mass composition (%) Concentration (g · L–1) 
Carbohydrates 550 55 557.05 
Fats 190 19 192.44 
Proteins 260 26 263.33 
Total mass is 1 000 kg · h–1 on dry mass basis at temperature of 25 °C and pressure of 1.013 bar 
Table 6. Composition of total materials entering reactor after recycle 
Component Flow rate (kg · h–1) Mass composition (%) Concentration (g ·L–1) 
Ammonia 54.35 1.3 0.65 
Biomass 377.15 9.04 4.5 
Carbohydrates 550 13.18 6.56 
Fats 190 4.55 2.27 
Proteins 260 6.23 3.1 
Water 2 741.34 65.69 32.72 
Total mass flow is 4 172.84 kg · h–1 (equivalent to 83.73 m3 · h–1) at temperature of 31.14 °C and pressure of 1.013 bar 
Table 7. Composition of product leaving the digester 
Component Flow rate (kg · h–1) Mass Composition (%) Concentration (g · L–1) 
Carbon dioxide 728.62 68.12 0.78 
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Hydrogen sulfide 23.2 2.17 0.02 
Methane 317.82 29.71 0.34 
Total mass flow rate is 1 069.64 kg · h–1 (equivalent to 936.76 m3 . h–1) at temperature of 35 °C and pressure of 1.013 bar 
Table 8. Composition of total digestate produced 
Component Flow rate (kg · h–1) Mass composition (%) Concentration (g · L–1) 
Ammonia 77.64 2.5 0.66 
Biomass 538.78 17.36 4.55 
Water 2 487.69 80.14 21.02 
Total mass flow rate is 1 069.64 kg · h–1 (equivalent to 936.76 m3 · h–1) at temperature of 35 °C and pressure of 1.013 bar 
 
 
In this model, the maximum yield of biogas can only be obtained from this feed composition. Different feed 
composition will cause the recycle and purging of unreacted intermediate products such as propionic acid, butyric 
acid, acetic acid, and hydrogen. In real life application, by literature the composition of fruit and vegetable wastes 
does not tally with this model. The composition of waste contains more carbohydrates in the form of lignocellulose 
and less fats and proteins. However, the feed composition of this model can be achieved by adding specific fruit and 
vegetable wastes such as adding corn, sunflower or soybean wastes to increase proteins and fats composition. Table 
9 shows the composition of corn waste [3] in the form of distiller grains that can increase the concentration of 
proteins and fats in the substrate. 
Table 9. Composition of corn waste  
Component (%) Corn Grain Distillers Grain 
Crude protein 9.4 30 
Neutral detergent fiber 9.5 40 
Starch 70 4 
Crude fat 4.2 12 
Phosphorus 0.3 0.8 
 
The biogas produced, as shown in Table 7 is 936.76 m3 . h–1 from a feed rate of 83.793 m3 · h–1 after recycle. The 
product is produced about 10 times more than the feed rate which is comparable to other studies which stated that 
biogas production may be 10 to 30 times of substrate [8]. The methane produced is 29.71 % by mass basis. If that 
figure is converted in volume basis, the methane produced is 55.6 % (v/v) which is consistent with the findings of 
other researches [4]. 
Since the feed was estimated on dry mass basis, water is needed to dilute and liquify the waste for ease of flow. 
The wastes were diluted with water at a ratio of 1 : 1 because large inoculation volumes can ensure high microbial 
performance, low risk of inhibition and low risk for overloading [9]. The amount of water was adjusted to an 
optimum amount to achieve the best yield of product. Less water provided will cause intermediate products such as 
butyric acid and propionic acid to be unreacted and wasted. Excess water provided will incure more operational 
cost, thus, 1 000 kg · h–1 is the optimised amount of water needed. Though more water is needed for the initiation of 
the plant since the chemical oxygen demand (COD) at 65,554 mg · L–1, is too high for the microorganisms to 
breakdown [10]. Only after the 25 d retention time, the recycle stream will further dilute the waste for the COD to 
be reduced to 21,639 mg · L–1 to achieve an organic loading rate (OLR) of 17.1 kg COD · m–3 from an initial OLR 
of 229 kg COD · m–3.  
The waste generated consists of mainly water, ammonia and biomass. It was decided that 30 % of the waste is 
purged and the remaining 70 % is recycled. Eventhough a large portion of waste is recycled, increasing the volume 
of the digester, the recycle is needed for the microorganism to easily adapt and for the continuous nurturing of new 
microorganisms in the system. The COD in the waste stream is 8.3 mg · L–1 from an initial COD of 21.6 mg · L–1 
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which a 62.5 % COD reduction. This goes above the expected performance of an anaerobic digester which usually 
have a reduction of COD of (40 to 60) % [11]. 
The purification of biogas was done by using a water absorbing column to remove carbon dioxide and hydrogen 
sulfide. The absorbing column was designed, within the SuperPro software, to remove 99 % of both carbon dioxide 
and hydrogen sulfide. In practicality, hydrogen sulfide can be removed 100 % whilst carbon dioxide exist in traces 
amount after purification, usually 0.2 % to 0.5 % [6, 12]. The biogas composition after purification is 95.54 % CH4, 
0.07 % H2S and 4.38 % CO2 by mass basis. The amount of water needed was optimised to the minimum amount that 
is required in the column. Less water supplied will reduce the efficiency of the column and the simulation will not 
run. Excess water provided will incur cost of raw water supply and the stripping of gas from water after the 
absorption process. The composition of biogas after purification is shown in Table 10. 
Table 10. Composition of final product after purification 
Component Flow rate (kg · h–1) Mass composition (%) Concentration (g ·L–1) 
Carbon dioxide 14.57 4.38 0.02 
Hydrogen sulfide 0.23 0.06 4.71 × 10–3 
Methane 317.82 95.55 0.64 
Total mass flow is 332.63 kg · h–1 (equivalent to 429.94 m3 · h–1) at temperature of 25 °C and pressure of 1.013 bar 
3.2. Cost analysis 
The economic analysis can be seen through generating economic evaluation report and the cash flow analysis 
report.  
Table 11. Executive summary of economic evaluation report 
Component Value 
Total capital investment RM 25 691 000 
Capital investment charged to this project RM 25 691 000 
Operating cost RM 11 349 000 
Revenues RM 12 883 000/yr 
Cost basis annual rate 2 576 683.27 kg MP/yr 
Unit production cost RM 4.40 /kg MP 
Unit production revenue RM 5.00 /kg MP 
Gross margin 11.91 % 
Return on investment 12.17 % 
Payback time 8.22 yr 
IRR (after taxes) 9.61 % 
NPV (at 6.0 % interest) RM 6 824 000 
              MP = Total flow of stream “final product                                          
 ‘              RM = MYR = Malaysian Ringgit (1 MYR ~ USD 0,31. Oct 13,2014) 
 
As seen on Table 11, the profit margin is 11.9 % which will give a rate of return on investment of 12.2 %, which 
will give the payback years of 8.2. This means only after 8.2 yr that the plant is actually making profit. Within the 
8.2 yr, all profits are to payback the initial capital investment and the operating cost. The revenue is generated by the 
price of electricity generated for each kilogram of methane in the biogas, assuming that the gas is used to generate 
electricity. The calculation for the price of biogas per kilogram based upon how much electricity is generated with 
each kilogram of methane. 
The operating costs breakdown in shown in Table 12. A large portion of the operating cost goes to the facility-
dependent cost. Facility-dependent cost shows how much cost that is incurred to run the facilities without including 
the labor, utilities and consummables. The labor cost is averaged to RM50 per hour without specifying the total 
number of personnel or the total labor required. This is to simplify the calculation of cost for labor since the cost of 
labor is highly variable based on the working capital and the technical knowledge that is needed for the initiation, 
operation and maintenance of the plant. 
Table 12 shows the annual operating costs of the current model. The cost of utilities such as water and electricity 
are based on the price that is set by providing companies which in this case are Syarikat Bekalan Air Selangor Sate 
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of Malaysia and Tenaga Nasional Berhad for water and electricity, respectively. The cost of heating agent which is 
steam was determined by the software database. Since the database is based on the prices in the United States of 
America, the price was converted to ringgit Malaysia (RM). This was done due to insufficient data acquired on the 
prices of heating element in the industries in Malaysia. 
 
Table 12. Annual operating costs 
Cost Item USD % 
Raw materials 5 578 000 49.15 
Labor-dependent 990 000 8.72 
Facility-dependent 3 493 000 30.78 
Water treatment/disposal 1 062 000 9.36 
Utilities 225 000 1.98 
Total 11 349 000 100 
4. Conclusion 
Simulation study on the biogas production via anaerobic disgestion of fruit and vegetable wastes was successfully 
carried out by using SuperPro Designer v8.5. The anaerobic digester had a hydraulic retention time of 25 d and 
operated at 35 oC which was at mesophillic conditions. From the simulation, it can be observed that a total of 936.76 
m3 · h–1 of biogas is produced from a feed rate of 83.79 m3 · h–1. The COD reduction of over 60 % proved that this 
system is an efficiency system for waste treatment because it exceeds the expected range of COD reduction of       
40 % to 60 %. The purification unit which is the absorption column proved capable of removing 99 % of carbon 
dioxide and hydrogen sulfide in the simulation. This purified the biogas up to 95 % methane by mass basis. This 
high purity will increase the value of biogas and there can be more options for the utilization of the biogas. For the 
cost analysis, it is safe to imply that this biogas plant is economically feasible. The total capital investment in excess 
of RM25 million which included the working capital of RM3 million might prove to be an obstacle, however with a 
profit margin of 11 % and a return rate of investment of 12 % may just be lucrative enough for the company after 
the 8.2 yr payback time. 
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